The mammalian cerebral cortex is characterized by complex patterns of anatomical and functional areas that differ markedly between species, but the molecular basis for this functional subdivision is largely unknown. Here, we show that mutations in GPR56, which encodes an orphan G protein-coupled receptor (GPCR) with a large extracellular domain, cause a human brain cortical malformation called bilateral frontoparietal polymicrogyria (BFPP). BFPP is characterized by disorganized cortical lamination that is most severe in frontal cortex. Our data suggest that GPCR signaling plays an essential role in regional development of human cerebral cortex.
Although the human cerebral cortex is subdivided into dozens of specific areas with divergent functions, the genetic mechanisms that create these areas are very poorly understood. Because cortical neurons are formed deep in the forebrain, in specialized proliferative regions near the lining of the lateral ventricles, a fundamental question has been whether cortical areas are presaged by a "protomap" among the progenitor cells in the ventricular region (1) . Alternatively, cortical areas may only be specified later by patterns of neuronal interconnections (2) . Direct studies of cell lineage have not been decisive: Some clones of neurons, especially pyramidal neurons, maintain map rela-tionships between the ventricle and cortex (3) (4) (5) (6) via radially directed migration (7) , whereas other clones, especially those generating interneurons, show little or no maintenance of map order (4-6, 8, 9) . Ventricular zone progenitor cells have at least some positional information, imparted by gradients of transcription factors (10, 11) or secreted factors (12) , but how gradients are converted into distinct cytoarchitectonic areas is much less clear. Other genes with sharper expression borders have also been identified (13) (14) (15) , but the roles of these genes in patterning the cortex are not well defined.
Another approach to studying the mechanisms of cortical specification can come from the genetic analysis of inherited conditions in which specific regions of the cortex are preferentially disrupted. Bilateral frontoparietal polymicrogyria (BFPP), a recessively inherited genetic disorder of human cerebral cortical development, shows severely abnormal architecture in the frontal lobes, with milder involvement of parietal and posterior parts of the cortex (16) (17) (18) . Polymicrogyria (PMG), characterized by abnormally numerous and small gyri, is associated with disruption of the normal sixlayered cerebral cortical structure into only four layers, or the absence of discernible layers altogether (19) . BFPP patients show mental retardation, gait difficulty, language impairment, and seizures, consistent with frontal lobe dysfunction (17, 18) . Cranial magnetic resonance imaging (MRI) reveals a thinner than normal cortex thrown into innumerable small, irregular gyri and sulci, especially in the frontal lobe. Although some abnormalities affect parietal cortex as well, there is a striking change in the severity of the PMG in the depth of the central sulcus, which separates frontal (motor) cortex from parietal (sensory) cortex ( Fig. 1A ) and which represents one of the most striking regional changes in the microscopic structure of the human cortex. The exact prevalence of BFPP is difficult to estimate because five different names are in use for the same genetic and radiographic syndrome (18) . Other PMG syndromes selectively affect other cortical regions, such as perisylvian regions, or occipital lobes ( fig. S1 ) (20) (21) (22) . These syndromes may lead to the identification of several genes that normally pattern the human cerebral cortex. Genetic loci associated with PMG have been mapped ( 263A3 G Y88C NC French Canadian 2 *Base pair counted from starting codon ATG. IVS, intron; E, exon; ϩ, intronic position 3Ј of splice junction in donor; -, exonic position 5Ј of splice junction in donor. For example, IVS9ϩ3 means three bases of 3Ј of the splice donor junction of intron 9. †Deletion of 7 bp that alters the translational reading frame, resulting in truncated protein with premature protein termination.
‡This pedigree consists of two nuclear families that are distantly related to one another. One family is first-cousin marriage and has two affected individuals; the other set of parents are consanguineous, although their exact relationship is not known.
§These families are from the same village as one another.
These families are from the same village as one another but distinct from that of pedigrees 1 and 2.
23)
, but no genes that cause these conditions are known. We fine-mapped the BFPP locus on chromosome 16q12. 2-21 (17) to an interval of about 2.7 cM ( Fig. 1B) , bounded by D16S3110 and D16S3038 (24) . This region contains 27 characterized genes ( Fig. 1B) , of which 17 were sequenced in the genomic DNA of BFPP patients. Eight independent mutations in GPR56 were identified in 22 radiographically and clinically confirmed BFPP patients from 12 pedigrees, whereas no other genes showed any mutations.
GPR56 consists of 14 exons covering 15 kb of genomic sequence and has a 3-kb open reading frame (GenBank accession number AF106858) (25, 26) . DNA sequence analysis of GPR56 revealed five distinct missense mutations in six pedigrees, two potential splicing mutations in three pedigrees, and one deletion/ frameshift mutation in three pedigrees ( Table 1 and Fig. 2C ). Two mutations are presented in detail for illustration ( Fig. 2, A and B ). In each pedigree analyzed, the GPR56 mutation segre-gated with the disease so that affected patients (including those from reportedly nonconsanguineous parents) displayed homozygous GPR56 mutations, whereas parents who were clinically normal displayed heterozygosity for a normal and a disease allele, consistent with recessive inheritance. None of the mutations were observed in 260 control chromosomes (70 Europeans and 60 Middle Eastern Arabian individuals). Although most BFPP patients are from consanguineous families of Middle Eastern descent, where recessive conditions are more common by a factor of 2 to 3, we also identified a nonconsanguineous French Canadian family with BFPP and mutation in GPR56 (Table 1) , which suggests that BFPP is not geographically limited to the Middle East.
All missense mutations affect regions of the protein predicted to represent the extracellular portion of GPR56 ( Fig. 3) . One mutation found in pedigree 10 changes a conserved amino acid (R565W) (27) in a predicted extracellular loop of the protein ( Figs.  2A and 3 ). The other missense mutations affected the extracellular N terminus of the protein (Table 1 and Fig. 3 ); three mutations occurred in exon 3 ( Fig. 2C ; R38W in pedigree 5, Y88C in pedigree 12, and C91S in pedigree 11), and one was found in exon 8 (Fig. 2, B and C; C346S in pedigrees 8 and 9). The C346S mutation was shared by two Palestinian families from the same village (along with shared alleles at flanking microsatellite markers), representing a founder mutation. GPR56 is a member of the family B GPCRs (G protein-coupled receptors), which, although they contain the seven-transmembrane domains seen in all GPCRs, also have long N termini characterized by an extracellular "cysteine box" motif and hydrophilic, potentially mucin-rich domains (25, 28, 29) . The ligand binding for family B GPCRs involves both the N terminus and the extracellular loops between the seven-transmembrane domains (30) . Therefore, the three mutations at the tip of the N terminus (R38W, Y88C, and C91S) as well as the R565W mutation in the second extracellular loop may affect ligand binding by GPR56.
Interestingly, pedigrees 4, 6, and 7, who originate from widely separated regions geographically, shared the same mutation that deletes 7 base pairs (bp) in exon 5 ( Table 1 , 739_746 delCAGGACC). This alteration creates a translational frameshift leading to a truncated protein that prematurely terminates 73 codons downstream. Pedigree 4 (18) is a nonconsanguineous family in which both parents originate from the Gujarat region of India. Pedigree 6 (18) is a consanguineous Pakistani family, whereas pedigree 7 (18) is a consanguineous family of Pashtun Afghani descent. Single-nucleotide polymorphism (SNP) analysis supports the existence of a common founder mutation in these three pedigrees, because all patients shared alleles for six SNP markers within the GPR56 locus. Gujarat and Afghanistan both border Pakistan, and many tribes in Afghanistan are originally from India. Therefore, the common ancestral mutation in these three pedigrees is plausible but suggests a founder mutation maintained through a substantial population (Ͼ200 million people) and history.
The splicing mutations, frameshift mutation, and all missense mutations except one shared an indistinguishable phenotype and therefore are all probably null alleles; in contrast, one missense mutation caused a more severe phenotype. The C346S mutation found in pedigrees 8 and 9 substitutes serine for the first cysteine in the cysteine box of the GPR56 protein. Unlike all other BFPP patients, the affected individuals from these two families also have microcephaly (characterized by a smaller than normal overall cerebral cortical size). It is intriguing that the C346S mutation in the cysteine box has a more severe effect than abolishing the function of the gene encoding GPR56. The explanation for this finding Arrowheads indicate the regions affected by PMG; short and long arrows indicate the central sulcus and sylvian fissure, respectively. These regions are characterized by an abnormally thin cortex with an irregular and scalloped graywhite junction, which creates a paradoxical increase in the apparent cortical thickness because many small, adjacent gyri are superimposed and signal-averaged in the MRI. The sharp regional differences in severity are best seen by comparing the severely abnormal frontal lobes to the relatively normal parietal lobes (a) or by comparing the abnormal frontal lobes to the almost normal temporal lobes (b). (B) The initial 17-cM BFPP locus was further narrowed to a 2.7-cM interval. All of the known genes in this region are listed. The genes in boldface are formal candidate genes for BFPP. All candidate genes were subjected to sequencing analysis in BFPP patients and family members except GPR97 and GPR114, which were identified after we completed our mutational analysis. likely involves the posttranslational processing of the GPR56 protein.
The extracellular cysteine box shared by many family B GPCRs contains four conserved cysteines arranged in a specific fashion (C-x 2 -W-x 6-16 -W-x 4 -C-x 10-22 -C-x-C) just before the first transmembrane domain (28, 29, 31) and serves as a cleavage site in some members of this group of GPCRs (31) . Therefore, the cysteine box was also named the GPS (G protein-coupled receptor proteolytic site) domain. Mutations in this domain not only abolished proteolytic processing of ␣-latrotoxin, a member of family B GPCRs, but also prevented cells from expressing GPCRs at the cell surface (31) . We speculate that the C346S mutation causes microcephaly by abolishing normal cleavage of GPR56 and affecting its proper trafficking, and possibly that of other proteins.
An antisense probe to the mouse Gpr56 mRNA showed preferential expression in neuronal progenitor cells of the cerebral cortical ventricular and subventricular zones during periods of neurogenesis ( Fig. 4, A to H) , but no expression in the cortical plate or intermediate zone (24) . We also observed expression in proliferative regions of the medial and lateral ganglionic eminence at E12 (embryonic day 12), E14, and E16, where up to one-third of cerebral cortical neurons, predominantly interneurons, are formed and subsequently migrate nonradially into the cerebral cortex (8, 32) as well as several other brain areas. Cortical expression of Gpr56 was strongest at E12 and E14 (when there are many progenitor cells in the cortical ventricular zone), weaker at E16, and greatly reduced at birth (when neurogenesis in the cortical ventricular zone is complete) (33) ; this pattern suggests that Gpr56 is preferentially expressed in neuronal progenitors. In the adult brain, Gpr56 expression was limited to scattered cells more common in white matter than in gray matter ( Fig. 4 , I to L). On the other hand, more intense Gpr56 expression was observed in regions of adult brain that show postnatal neurogenesis, such as the dentate gyrus (Fig. 4 , I and J) and the subventricular zone of the rostral migratory stream leading to the olfactory bulb (Fig. 4, K and L) . Human GPR56 expression has been shown in a wide range of different tissues (25) , including heart, kidney, testis, pancreas, thyroid gland, and skeletal muscle. Our in situ hybridization also revealed strong signals in the spinal cord, somites, and liver, and weak signals in the intestine at E12 (33) . However, no phenotype was observed outside of the central nervous system in BFPP patients.
The pattern of Gpr56 expression and the anatomy of BFPP imply that Gpr56 most likely regulates cortical patterning. The most severely affected cortical regions in BFPP are strikingly thin, and many forms of PMG show cortical alterations with reduction of the normal six cortical layers to four, suggesting possible roles in cell fate control that would be consistent with the expression of GPR56 in progenitor cells. However, further elucidation of GPR56's role will require mechanistic analysis in an animal model. Although there is no clear anterior-posterior gradient in expression of Gpr56, the severity of the phenotype in frontal cortex may reflect either regional differences in ligand expression or regional differences in the degree of dependence on GPR56-transduced signals.
Sequence analysis of GPR56 reveals substantial evolutionary differences between mammals and nonmammals. Of the more than 30 human GPCRs with long mucin-rich N termini that have been identified, GPR56 is most closely related to GPR97 and GPR114 (29) . The three genes encoding these proteins are adjacent to one another on human chromosome 16 and are arranged in the same transcriptional direction (26) . This gene order is conserved between mouse and human (26) , which suggests that it may be the product of an ancestral gene duplication. However, outside of their homologies in the seven-transmembrane domains, GPR56, GPR97, and GPR114 share only 30% amino acid identity Although there is no known relationship between these two families, mutational analysis revealed a founder mutation shared by the two families. A T3 A mutation at base pair 1036 from ATG results in a Cys 3 Ser change at amino acid 346. (C) Positions of GPR56 mutations in individuals with BFPP. GPR56 consists of 14 exons; the starting codon ATG is located in the second exon. The five missense mutations are marked by asterisks. S denotes the splicing mutations; ⌬ denotes the 7-bp deletional mutation. over just a portion of their N-terminal regions (Fig. 3) . The N-terminal 200 amino acids of GPR56 are distinct from these two genes and only 64% identical between mouse and human, versus Ն80% identical over the rest of the protein. Moreover, the unique N-terminal region has no readily identifiable protein domains (by cdart or RPS BLAST analysis) and no detectable amino acid homologies (by BLAST ) outside of mammals. Thus, GPR56 is not only essential during human cerebral cortical development and patterning, but may also have been a key target in the evolution of the cerebral cortex, because the N-terminal domain that defines GPR56 is unique to animals that have a cerebral cortex. GPCRs represent the largest gene family in the human genome, comprising about 1% of all genes. They commonly function as gene families, such as olfactory receptors or pheromone receptors, raising the possibility that other orphan GPCRs may also play patterning roles in human cerebral cortex.
As has been pointed out by Rakic (1), the specification of cerebral cortical areas by genes that act in precursor cells creates a mechanism for the partially independent evolution of cortical areas, and hence of cognitive abilities. The frontal lobes, which are essential for motor function, social function, cognition, language, and problem solving, are particularly expanded in hominid primates. Evolutionary changes in GPR56 might alter the size or organization of frontal cortex preferentially, with little effect on other regions. Other genes, perhaps including those genes responsible for other syndromes of focal PMG in humans ( fig. S1 ), may act independently of one another on other cortical areas mediating sensation, vision, or hearing. 
